The Last Interglacial (LIG; ca. 125,000 y ago) resulted from rapid global warming and reached global mean temperatures exceeding those of today. The LIG thus offers the opportunity to study how life may respond to future global warming. Using global occurrence databases and applying sampling-standardization, we compared reef coral diversity and distributions between the LIG and modern. Latitudinal diversity patterns are characterized by a tropical plateau today but were characterized by a pronounced equatorial trough during the LIG. This trough is governed by substantial range shifts away from the equator. Range shifts affected both leading and trailing edges of species range limits and were much more pronounced in the Northern Hemisphere than south of the equator. We argue that interglacial warming was responsible for the loss of equatorial diversity. Hemispheric differences in insolation during the LIG may explain the asymmetrical response. The equatorial retractions are surprisingly strong given that only small temperature changes have been reported in the LIG tropics. Our results suggest that the poleward range expansions of reef corals occurring with intensified global warming today may soon be followed by equatorial range retractions.
The Last Interglacial (LIG; ca. 125,000 y ago) resulted from rapid global warming and reached global mean temperatures exceeding those of today. The LIG thus offers the opportunity to study how life may respond to future global warming. Using global occurrence databases and applying sampling-standardization, we compared reef coral diversity and distributions between the LIG and modern. Latitudinal diversity patterns are characterized by a tropical plateau today but were characterized by a pronounced equatorial trough during the LIG. This trough is governed by substantial range shifts away from the equator. Range shifts affected both leading and trailing edges of species range limits and were much more pronounced in the Northern Hemisphere than south of the equator. We argue that interglacial warming was responsible for the loss of equatorial diversity. Hemispheric differences in insolation during the LIG may explain the asymmetrical response. The equatorial retractions are surprisingly strong given that only small temperature changes have been reported in the LIG tropics. Our results suggest that the poleward range expansions of reef corals occurring with intensified global warming today may soon be followed by equatorial range retractions.
biodiversity | climate change | paleobiology C urrent global warming triggers substantial range shifts in both terrestrial and marine ecosystems (1) (2) (3) . Scleractinian reef corals, like many other marine organisms, are currently experiencing poleward range expansions (4-7), but there is little evidence for range retractions in low latitudes. Whether this trend will persist into the future is difficult to predict, partly because of the lack of well-studied examples on past responses to rapid global warming. Range expansions of fossil reef corals with climate warming have been observed in the early to mid-Holocene (10 to 6 ky ago) (7) and during the Last Interglacial (LIG; ca. 125 ky ago) (8, 9) . These previous studies highlighted particular taxa and regions, but the generality of the observations remains uncertain. Moreover, the balance between leading-edge range expansions (defined as species ranges moving toward the poles) and trailingedge contractions (defined as species ranges moving away from the equator) in these past warming phases is unexplored.
Here we compare latitudinal patterns of global reef coral distributions and diversity (number of species) from raised reef terraces of the LIG [Marine Isotope Stage 5 (MIS 5)] with modern-day distributions to highlight the impact of past global warming. During most of the Pleistocene, global temperatures were colder than today (10) (11) (12) , but glacial episodes are not well documented in reef corals because coral reefs of those times are largely submerged today (but see ref. 13 ). Interglacial warming led to polar ice melting and sea levels substantially higher than today (12, (14) (15) (16) , leaving fossil coral reefs accessible on land. Tectonic uplift on some Pacific islands may also leave a record outside the peak interglacials, but not of peak glacials. Although the interglacial record of reef corals extends through the entire Pleistocene, coral data are more limited in older interglacials (Fig. S1 ). Occurrence data of zooxanthellate reef corals were evaluated from two global datasets, the Paleobiology Database (PaleoDB) and the Ocean Biogeographic Information System (OBIS). Although detailed paleoecologic studies are available for some Pleistocene reefs (17, 18) , analysis of occurrence data are currently the best compromise between detailed comparisons of community structure (13, 19, 20) and an assessment of range endpoints (9) .
Although comprehensive, both occurrence datasets are incomplete in terms of taxonomic and geographic coverage. The Pleistocene record is especially degraded because, in addition to incomplete sampling, fossil preservation is limited by diagenesis, weathering, and burial. Any meaningful comparison between the Pleistocene and the Recent must involve rigorous samplingstandardization. We applied rarefaction within latitudinal bins to equalize occurrences across space. Simulations were used to assess remaining sampling issues.
Results
Species-level occurrence data of modern and LIG reef corals are pantropical (Figs. 1 and 2 A and B). Sampling of LIG reef corals is much less comprehensive than today but covers the same regions. Differences in preservation and sampling are most likely responsible for the considerably greater species richness of reef corals today (730 species) than in the LIG (269 species). The effect of sampling intensity on recorded Pleistocene richness is shown by the good correlation between the per-species occurrence counts now and then (Spearman rho = 0.56, P < 0.001). The less common a species is today, the less probable is its occurrence in the LIG. Importantly, the evenness (J) of species abundances within 5°latitudinal zones (a band across the globe extending over 5°latitude) are statistically indistinguishable between the LIG and today (two-sided Wilcoxon test: P = 0.40), justifying the use of rarefaction for sampling standardization.
Latitudinal transects of diversity based on the raw data roughly follow sampling, both for sampled-in-bin (SIB; species actually recorded in a 5°latitudinal zone) and range-through (RT; species inferred to be present in all zones between its range endpoints) data ( Fig. 2 A-D) . Not all latitudinal zones have sufficient data for a meaningful subsampling analysis of SIB diversity, but those that do suggest a slight depression near the equator today (Fig.  2E ) and a dramatic decline north of the equator in the LIG (Fig.  2F ). SIB diversity is least affected by the mid-domain effect, which holds that latitudinal diversity gradients can arise without physical gradients (21) (22) (23) (24) . Geometric constraints such Author contributions: W.K., C.S., and J.M.P. designed research; W.K., B.B., and H.M. performed research; W.K. analyzed data; and W.K. and J.M.P. wrote the paper.
as hard physical boundaries may lead to centered diversity peaks by overlapping ranges. That the equatorial diversity depression is robust when subsampling and RT are combined indicates that this depression is strong enough to mask the mid-domain effect (Fig. S2) .
We tested potential physical controls of the modern raw RT latitudinal diversity pattern by multiple regressions, using three independent variables and their quadratic terms: multiannual averages of sea surface temperature (SST) and solar insolation (IN) and the potential habitat area for reef corals (HA), here defined as normal marine, shallow water area (0-to 50-m water depth) (Fig. S3 ). The best model based on the corrected Akaike information criterion (AIC C ; ref. 25 ) is a polynomial function of SST, suggesting that RT starts declining at high levels of SST (Table S1 and Only the effect sizes of SST 2 and IN 2 have a negative sign. To assess changes in latitudinal positions of reef corals between the LIG and today, we performed a subsampling analysis of all occurrences, focusing on the poleward and equator-ward range limits of the 243 species that occur in both time intervals. The comparison of sampling-standardized range endpoints of all species indicates that Pleistocene reef corals tended to reach further poleward but also retracted further away from the equator than recent corals (Fig. 3) . Pleistocene poleward (leading-edge) extensions were fully compensated by equatorial (trailing-edge) retractions. Range shifts are greatest in the Northern Hemisphere and generally significant, except for Southern Hemisphere equatorial retractions ( Table 1 ). The changes in range limits vary substantially among species (Fig. S5) .
Because the LIG is so much undersampled relative to the Recent, there is the risk of artificial range shifts created by large differences in sampling. We ran a simulation to explore the possibility that poor LIG sampling alone might explain the equatorial diversity depression and the dramatic range shifts. This simulation was based on a comparison of modern and surrogate LIG data that were created by downgrading recent data to Pleistocene levels without implying range shifts. There is no evidence for an equatorial depression in RT diversity (Fig. S6) , and the maximum total summed range shift in 500 simulation runs is less than half of the 16°of latitude that we observed in the LIG data (compare sum of first row in Table 1 with Table S2 ). Although poor sampling alone is thus unlikely to cause the dramatic range shifts, they might still be exaggerated by taphonomy, the postmortem fate of organisms.
Pleistocene corals are usually sampled from outcrops, where they are exposed to weathering and diagenetic alteration. Much of the unexplained variance in the correlation of LIG and modern occurrence counts is likely to be due to these taphonomic factors rather than genuine ecological differences. The effect of preservation is best illustrated by the genus Acropora, the most speciose among recent corals. Species within this genus are hard to identify in fossil material because taphonomy has often obliterated species-diagnostic characters, many of which are found in the less robust radial corallites along the periphery of the branches. Indeed, the four most common species without a fossil record in the LIG belong to Acropora. The diversity of Acropora may thus be selectively depressed in the LIG, specifically in the wet tropics, where diagenetic overprint is especially strong. However, our main results are not affected by this potential bias. When Acropora is excluded, the poleward range expansion is even more substantial in both hemispheres, whereas the equatorial retractions become only marginally smaller (Table 1) .
Finally, we asked whether the global patterns we observe for the LIG are also evident in particular regions (Indo-Pacific, west Pacific, and Caribbean) during the LIG (MIS 5) and for the combined interglacials of the last 400 ky (MIS 5-11) at global scales. Our main results show that, at least for the Northern Hemisphere, significant range shifts of leading and trailing edges are observed for all three geographic regions. Likewise, the range shifts are significant for the combined interglacials (Table 1 ).
Discussion
We find that the LIG was accompanied by substantial poleward range shifts of reef corals relative to today, for both trailing and leading edges. Range changes were more dramatic in the Northern Hemisphere than in the Southern Hemisphere. The trailingedge movements explain the substantial drop in sampling-standardized diversity north of the interglacial equator. The maximum latitudinal range expansion of leading edges is ∼800 km. This finding may appear dramatic, but if we conservatively assume a duration of 2,000 y for the penultimate deglaciation (27) , this finding translates into a range expansion of 400 m/y, whereas current range expansions of reef corals are reported to be up to 14 km/y (5). True migrations during the LIG may have been larger because reef corals had to expand from their glacial refugia, which are sometimes nearby (e.g., ref. 13) but not necessarily so. The true rates of latitudinal shifts may thus have been on the same order of magnitude as observed today. At first glance, our results are in line with the effects of rapid global warming during the LIG. Temperature is clearly the dominant factor determining modern diversity patterns of reef corals (Table S1 and ref. 28) , and thermal thresholds of reef corals could explain both the equatorial depression and the poleward expansion. Although thermal tolerances are indeed widely discussed as shaping diversity gradients on geologically short timescales (29, 30) , there is an important issue with this scenario. Paleoclimatic proxy data and modeling suggest that LIG warming was more modest than suggested by temperature reconstructions from Arctic and Antarctic ice cores. The latter show that the LIG temperatures exceeded modern temperatures by 4-5°C in these polar regions (12, 31) . However, compilations of faunal and geochemical proxy data suggest that, although global average temperatures were 1.5°C warmer than today (32), average SST may only have been 0.7°C higher (16) . Proxy data and climate models agree in suggesting smaller temperature change in the tropics and stronger warming in higher latitudes (16, 33, 34) . LIG warming was also more uniform in higher northern latitudes (>30°) than in low latitudes, where several areas of cooler-than-today SST were observed (16) .
In sum, given current paleoclimatic knowledge of the LIG, our results would even fit a scenario of polar range expansions due to warming and equatorial retractions driven by cooling. We reject the equatorial cooling hypothesis for two reasons. First, one of the regions where tectonic uplift made coral reefs accessible on land outside the peak interglacials is Huon Peninsula of Papua New Guinea (13, 35) . This region, situated just south of the equator (ca. 6°S), records coral reef terraces from times when SST in the LIG was substantially lower than today (10) . However, coral diversity was not depressed, neither in those reefs (35) nor in the latitudinal zone to which those terraces contributed most data (Fig. 2) . Second, proxy data are often contradictory (i.e., faunal proxies give cooler temperatures than geochemical proxies; refs. 16 and 36) or are at odds with modeling results such that they cannot be taken at face value at the resolution relevant for this study. Recent climate modeling does confirm the MIS 5 was among the warmest Pleistocene interglacials and indicates temperature rise near the equator due to increased insolation and greenhouse gas warming (34) .
Spatial temperature gradients (measured in°C/km) are shallower in the tropics than in midlatitudes such that even modest temperature change (measured in°C/y) may lead to high rates of isotherm migration and hence velocities of climate change (measured in km/y) (37, 38) . Similar to the LIG, recent ocean warming is greatest in mid to high northern latitudes, yet the velocity is highest near the equator where it is also greater than on land (38) . Thus, the strong equatorial retractions of reef corals in the LIG northern hemisphere may well be due to <1°C of SST warming. The asymmetric range shifts are probably due to greater warming in the Northern Hemisphere. Changes in Northern Hemisphere summer insolation are thought to be a key driver of glacialinterglacial cycles, particularly during the LIG (39) when Northern Hemisphere summer insolation was 11% greater than today (15) .
Given the small direct influence of HA and IN on modern RT diversity, these factors are unlikely to have contributed substantially to the observed range shifts. Increases of HA due to rising sea levels and higher IN may have added marginally to LIG range expansions, but not to the equatorial retractions. Similarly, ocean acidification may have occurred during deglaciation but probably at a much smaller scale than already occurring today (40) . In addition, acidification through increases in atmospheric CO 2 concentrations should affect higher latitudes first (41) and thus lead to contractions rather than expansions of leading edges.
In conclusion, our results suggest that temperature rise during the LIG caused dramatic range shifts of reef corals. The data are in good agreement with paleoclimatic data and modeling results for the LIG, which has several attributes indicative of an analog for current and future global warming (34, 42) . The leading-edge expansions we observed in the LIG relative to today are similar to present-day expansions of reef corals, but the strong trailingedge retractions have no modern analog. Warning signs of future trailing-edge range retractions are known from terrestrial records (43, 44) , and the fossil record of reef corals informs us that global warming may lead to equatorial retractions of the same magnitude as polar expansions. Hence temperature shelter in high latitudes may not be sufficient to counteract the loss of equatorial diversity in a warming world. These inferences are conservative because they only relate to the effects of warming and do not consider anthropogenic impact or ocean acidification.
Data and Methods
Data. We assessed occurrence data of zooxanthellate corals from two independent databases with global scope: OBIS (www.iobis.org) for modern corals and the PaleoDB (paleodb.org) for fossil corals. OBIS data comprised 418,115 taxonomic occurrences of scleractinian corals when downloaded on Occurrence data were filtered to exclude azooxanthellate corals and apozooxanthellate corals and occurrences not identified to the species level. To improve credibility of species identifications, we dropped all occurrences from rapid assessment surveys and checked all species names for synonymies (SI Data and Methods). The fossil data were additionally filtered to only comprise corals that can reliably be assigned to the LIG. We also dropped repeated occurrences of the same species from exactly the same coordinates (OBIS) or collections (PaleoDB). The final dataset has 43,348 occurrences occupying 3,308 unique coordinates for recent corals and 2,802 occurrences from 466 collections for LIG corals.
Data for SST, IN, and HA were gathered from spatially resolved online resources. For IN, we downloaded the Release 6.0 Data Set from NASA (http://eosweb.larc.nasa.gov/sse/), which reports 22-y monthly averages of incident insolation in 1°grid cells (July 1983 -June 2005 . These data were filtered to only incorporate insolation over the ocean and averaged over the year. SSTs were downloaded and averaged from the Hadley Centre (http:// badc.nerc.ac.uk/view/badc.nerc.ac.uk__ATOM__dataent_hadisst) for the same 22-y period. Bathymetric data were extracted from the ETOPO-2 dataset in the geophysical data system GEODAS (www.ngdc.noaa.gov/mgg/geodas/). We measured potential HA for reef corals as fully marine areas between 0 and 50 m water depth. All data were averaged (SST, IN) or summed (HA) across 5°l atitudinal zones.
Sampling Standardization. We applied by-occurrence subsampling (rarefaction) to account for the large differences in sampling between the Recent and the LIG among latitudinal bins. For diversity gradients, we kept the number of occurrences drawn from each bin and time constant at 75 occurrences. To explore latitudinal range shifts, we first limited the dataset to shared species, omitting all species that presumably became extinct in the Pleistocene or are extant and have no fossil record in the Pleistocene. Subsampling was performed by randomly drawing the same number of occurrences from each latitudinal bin and time interval. To maximize sample size, the number of occurrences subsampled (quota) was allowed to vary among bins. The quota for each bin was dictated by the Pleistocene data, because sampling is lower than today for all bins. To allow for some variability among subsampling trials, the quota was chosen to be 10% lower than the minimum sample size in each bin and time. All subsampling results are reported as averages over 1,000 trials.
Analyses and Sensitivity Tests. Latitudinal range shifts were assessed globally for both time intervals, focusing on polar and equatorial range edges. By convention, we speak of range expansion if the leading edges of LIG coral species occurred in a more poleward position than their recent counterparts. Likewise, we speak of equatorial retraction if the trailing edges of LIG corals occurred further away from the equator than today. Because data are usually not normally distributed, we rely on nonparametric statistics for hypothesis testing. For testing physical controls on latitudinal diversity, we focused on factors that are commonly thought to control reef coral diversity: HA (45), SST (28) , and IN (46) . We first logged the raw data and removed autocorrelations by generalized differencing (47, 48) . We then applied multiple polynomial regressions using modern raw RT diversity as the dependent variable. Finally, model sets were generated, and model averaging was performed following the guidelines of Grueber et al. (26) . All analyses were carried out in the R programming environment (http://r-project.org).
Sensitivity tests were performed based on (i) geographic subsets, (ii) by extending the scope of analysis to all interglacials after the Mid-Brunhes event (ca. 430 ky ago), and (iii) by a numeric simulation. To simulate the effect of undersampling in the Pleistocene on perceived range shifts, we downgraded the recent data in two steps and analyzed the outcome as surrogates of LIG data. The first step filtered the recent data to exclude all species that are not recorded in the LIG. In the second step, we randomly drew from each latitudinal band the same number of occurrences that has been recorded in the LIG. The data were then treated in the same way as true LIG data. This simulation was repeated 500 times. 
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Kiessling et al. 10 .1073/pnas.1214037110 SI Data and Methods OBIS data (www.iobis.org) were accessed by searching for "Scleractinia" and downloading the output in a csv file. The "tname" field records the species names used by OBIS. This field has been used for all analyses after correcting and synonymizing. Synonymies applied to the Pleistocene dataset are accessible online (http://paleodb.org).
Only species included in our master list of accepted names were analyzed. This master list is an updated version of authoritative compendia (1-3) containing 1,534 valid coral species, 818 of which are zooxanthellate, here called reef corals for simplicity.
In addition to the filters indicated in the main text, we dropped occurrences with obviously wrong coordinates (e.g., plotting on land) and recorded from water depths of >100 m (most likely dead upon sampling or observation). We also dropped studies that explicitly focused on a subset of species and aggregated monitoring data from geographically restricted areas.
The following resources were omitted from the OBIS data before analyses: Including these oversampled collections in full did not alter our basic results but resulted in a substantial decline in rarefied diversity between 15°and 20°N.
We also excluded those occurrences of the National Museum of Natural History Invertebrate Zoology Collections that did not have associated physicochemical data. We did this because we found extinct species included in the OBIS download (e.g., Montastrea nancyi Pandolfi) and had to suspect that several fossil corals are included in this dataset. Because fossil data are not associated with physicochemical data, this was the simplest way to avoid mixing of fossil occurrence data with recent data.
Fossil data were filtered to exclude occurrences that are evidently older or younger than MIS 5. Other interglacial episodes after the Mid-Brunhes event (ca. 430 ky ago) are also thought to exceed modern average global temperatures (4), but the combined analysis of different interglacials might cause issues of time averaging. Some of the older interglacials might even serve as a better analog for the present interglacial than the LIG (5), but availability of data is too limited for a separate analysis (Fig. S1) .
Range Data vs. Occurrence Data. It is intuitive to assume that simplified range maps (2, 6) will tend to overestimate ranges, whereas point data will underestimate true ranges. We found that the ranges derived from OBIS point data are indeed much smaller than those derived from published range maps. Based on a subset of those 116 species that had greater northern occurrences in the Pleistocene than in the OBIS data, we compared the OBIS ranges with those depicted by Veron (2) . With one exception (Goniopora savignyi), Veron's ranges are always greater than those recorded in OBIS. Although we must accept that OBIS data are incomplete, we also observe that Veron's range data can overestimate range sizes. The latter possibility is exemplified by Montigyra kenti Matthai, which according to Veron (2) is known only from its holotype, but nevertheless depicted to range over the entire shelf margin of northwestern Australia (http://coral.aims.gov.au/speciesPages/ species_metadata/0373/view).
Knowing the full geographic ranges is less relevant than being able to compare ranges over time, for which we need occurrence data, because those can be sampling-standardized but range data cannot. It is reassuring that the taxonomically cleaned OBIS occurrences are virtually always within published distribution maps and hence record an imprecise but not inaccurate distribution of reef corals.
RT diversity patterns differ from SIB patterns in showing less dramatic equatorial depressions both in the raw data ( Fig. 2 C and  D) and in the subsampled data (Fig. S2) . The RT subsampled data suggest a unimodal diversity gradient today with a broad peak between the equator and 15°S, whereas a diversity depression is still suggested for the LIG from 5°S to 15°N. ) and then computed all possible submodels using the dredge function in R's MuMIn package (7) . The highest weight was achieved for the model SST + SST2 (Table S1 ). We performed model averaging using the model.avg function on the top models (cumulative weight ≤ 0.95; Table S1 ). Simulations. Range shifts of the magnitude reported in the main text were not encountered in 500 simulation runs, each with 1,000 subsampling trials of the surrogate LIG data (Table S2 ). The 16°s ummed poleward range shifts we observe for all LIG corals in the true data (Table 1 , sum of first row) contrasts with a maximum of 6.8°in a single simulation run (Table S2) . Simulations also never showed a distinct equatorial diversity depression for the RT data as we observed in our data (compare Fig. 2D and Fig. S6A ). Subsampled SIB diversity showed an equatorial depression but less pronounced than observed in the fossil record (compare Fig. 2F and Fig. S6B) , whereas subsampled RT diversity shows no evidence for an equatorial diversity depression at all (compare Figs. S2 and S6C). Table S1 . Note the decline of ΔRT at high levels of ΔSST. Output was generated by using the dredge() function in the MuMIn package of R. Top models had a cumulative weight of ≤0.95. Variables are in uppercase. 
